Abstract. We have developed a new technique for accurate measurement of the loss of superconducting microstrips at mm-wave frequencies. In this technique, we optically couple power to slot antenna, which is connected to one port of a hybrid coupler. One of the output ports of the hybrid delivers power to a series of mm-wave microstrip resonators which are capacitively coupled to a feedline followed by an MKID (microwave kinetic inductance detector) that measures the transmitted power. Two other MKIDs are connected to the remaining ports of the hybrid to measure the total incident optical power and the power reflected from the mm-wave resonators, allowing \S2\\^ and \S\\\^ to be accurately determined and resonance frequency f and quality factor Q to be retrieved. We have fabricated such a Nb/Si02/Nb microstrip loss test device which contains several mm-wave resonators with /^ -^100 GHz and measured it at 30 mK. All the resonators have shown internal quality factor Qi-^ 500 -2000, suggesting a loss tangent of -^ 5 x 10^ -2 x 10^ for the Si02 in use. For comparison, we have also fabricated a 5 GHz microstrip resonator on the same chip and measured it with a network analyzer. The loss tangent at 5 GHz derived from fitting the fo and Q data to the two-level system (TLS) model is 6 x 10^ , about the same as from the mm-wave measurement. This suggests that the loss at both microwave and mm-wave frequencies is probably dominated by the TLS in Si02. Our results are of direct interest to mm/submm direct detection applications which use microstrip transmission lines (such as antenna-coupled MKIDs and transition-edge sensors), and other applications (such as on-chip filters). Our measurement technique is applicable up to approximately 1 THz and can be used to investigate a range of dielectrics.
INTRODUCTION
Superconduting microstrips are useful in many mm/submm detection applications. For example, in a slot-antenna-coupled detection scheme, Nb microstrips are used in slot-antenna's summing network to coherently combine the radiation received from individual slots into a stronger signal, and to deliver the signal to the detectors, such as microwave kinetic inductance detectors (MKIDs) [l, 2, 3] and transition edge sensors (TESs) [4] . In addition, on-chip band-pass filters are often inserted between the antenna and the detector to define the receiving band (the color), which are also made from a microstrip structure [3, 5] . For all these applications, the microstrip loss at mm-wave frequencies is an important concern. Because the superconductor loss is usually small or negligible at frequencies below the gap frequency ('-^700 GHz for Nb), the microstrip loss is entirely dominated by the loss tangent 5 of the dielectric layer in between the superconducting electrodes. This dielectric layer is often made of amorphous dielectric material (e. g., sputtered Si02). Therefore, accurate measurement of microstrip loss (or the loss tangent 5) at mm-wave frequencies becomes an important task. Previously, we have demonstrated a standing wave resonance technique to measure 5, in which superconducting tunnel junctions (STJs) are used to sense mm-wave power [6] . In this paper, we present another technique which is based on a microstrip resonator circuit and uses MKIDs to sense mm-wave power. This new technique is both accurate and easy to implement.
The design and principle of the microstrip loss test device, the measurement setup and our preliminary result will be presented in the subsequent sections of this paper.
MICROSTRIP LOSS TEST DEVICE
The design of the loss test device is illustrated (to scale) in Figure 1 , which can be viewed as a circuit implementing a scalar 2-port measurement of mm-wave microstrip resonators. Mm-wave power is optically coupled into this circuit through a slot antenna (a, details on slot antenna can be found in reference [7] ), which is connected to one port (port-1) of a hybrid coupler (b). One of the forward ports (port-2) of the hybrid delivers half of the total incident power Pinc/2 to a series of mm-wave microstrip resonators (d) which are capacitively coupled to a microstrip feedline (c) followed by an MKID (e, MKID-1) that measures the transmitted power Ptran-The other forward port (port-3) of the hybrid is directly terminated by another MKID (f, MKID-2) which always sees Pinc/2 and thus monitors the incident power. A third MKID (g, MKID-3) is connected to the reflection port (port-4) of the hybrid which measures the power Pref reflected from the mm-wave resonators at port-2. All the 3 MKIDs are made of Al (both the center strip and the ground plane) and are read out through a common CPW feedline (h) that is also made of Al. The transmission coefficient through the resonators and feedline is 15*211^ = ^tran/(^inc/2) which is given by the ratio of the signal measured by MKID-1 and MKID-2. Similarly, the reflection coefficient 15*111^ = ^ref/(^inc/2) is givcn by ratio of the signal measured by MKID-3 and MKID-2. If the mm-wave frequency V is swept through the resonance frequencies fr of the microstrip resonators, resonance peaks will be seen in the 15*21 (v) I curve and dips in the 15*11 (v) | curve. The quality factor Q and internal quality factor Qi can be derived by fitting these two curves to the theoretical models [1] . The loss tangent 5 can be inferred from the measured Qi by 5 = i/a.
To make the measurement accurate, it is important for the mm-wave power on the feedline to be absorbed completely by the MKID without any reflection. This is achieved by running the Nb microstrip feedline on top of the center strip of Al CPW resonator of MKID for a sufficient length. This micro strip-to-CPW coupling scheme is identical to that used in the antenna-coupled MKIDs design and is discussed in more detail in [3] .
We have also included a microwave frequency microstrip resonator (i, /r ~ 5 GHz) on the same chip, to measure 5 at microwave frequencies and to compare it with mm-wave measurement. This microstrip resonator is capacitively coupled to and measured through the same CPW feedline as used to read out the 3 MKIDs.
We have first fabricated a 100-GHz version of our loss test device. On a Si wafer we have patterned 6 mm-wave resonators with fr ~ 100-120 GHz, and one microwave resonator with f ~5 GHz. Both the mm-mave and microwave resonators have the same microstrip geometry: the top strip is 7.5 fim wide, both the top strip and the ground plane are made from 600 nm-thick Nb films, and the dielectric layer is made of 400 nm-thick sputtered Si02. The CPW resonators (MKIDs) have a center strip width of 9 fim and gaps of 3 fim, and are made from a 40 nm thick Al film.
Measurement setup
The device is mounted in a dilution fridge which has a dewar window made of high-density polyethylene (HDPE). There are also two cold sapphire windows (no AR coating) and two metal mesh filters along the optical path. These windows and filters are transparent to the 100 GHz mm-wave but largely attenuate the radiation at shorter wavelengths. In addition, a hemi-spherical Si lens is glued to the substrate side of the device and centered in front of the slot antenna to fill its beam.
To generate the mm-wave, we use a W-band frequency tripler driven by a 0-40 GHz microwave synthesizer. The tripler is followed by a waveguide filter and a rectangular horn. With this mm-wave source, the output mm-wave covers the frequency range of ~ 100 -110 GHz.
As the mm-wave frequency v is swept, signal from the 3 MKIDs are recorded at each frequency either as frequency shifts (5/, / = 1,2,3) using a network analyzer (by fitting to the resonance curves of MKIDs) or as voltage signal (5f^, / = 1,2,3) using an IQ mixer (see reference [8] for more details on MKID readout). In the latter case, the voltage signal from IQ mixer are measured using two lock-in amplifiers (for I and Q, 5^ = ^/5f + 5Q^), with the mm-wave source amplitudemodulated at 1 KHz.
It can be shown from MKID theory[8] that FIGURE 2. |S2i(v)| derived from MKID frequency shifts measured using a network analyzer. Figure 2 shows the measured frequency shifts of the 3 MKIDs (left axis) and the derived |^2i (v) | in a mm-wave frequency sweep from 100 GHz to 120 GHz. Four strong resonances clearly show up, with the resonance depths decreasing with frequency, which is consistent with the designed pattern of increasing Qc. The sweep data shown in Figure 2 are taken with constant power driving the tripler. Because the gain of the tripler is highly frequency dependent, the output power varies strongly during the sweep, as can be seen from the osciUatory curve of 5/2. This is not desirable. Figure 3 shows another sweep of | ^21 (v) | and | ^n (v) | using the lock-in technique, with the output power of the tripler fixed instead. In this sweep, the power driving the FIGURE 4. Temperature variation of g; and / measured from the microwave microstrip resonator. The solid and dashed lines show the fits to the TLS model. Both fits yield FS -^ 6 X 10^^ , where F ~ 1 is the filling factor for the microstrip geometry. The 1/g; fit shows some deviation in the low temperature part, which is probably because the power used for the measurement is above the saturation power of the TLS at these temperatures.
LOSS MEASUREMENT AT MM-WAVE FREQUENCY
tripler is adjusted at every frequency v to keep the signal of MKID-2 fixed to 5^2 « 1 mV.
The \s2i (v) I data in Figure 2 and Figure 3 are fitted to a Lorentzian model and the results are listed in Table 1  and Table 2 , respectively. We find that fitting to both data sets yield the same resonance frequencies for the four resonators. Qt varies from 1100 to 2200 in the first data set (5 = 5 x 10^^ '--' 9 x 10^^), and are slightly lower in the second data set, ranging from 500 to 1400 ( 5 = 7x 10-'^-2x 10-^).
LOSS MEASUREMENT AT MICROWAVE FREQUENCY
The loss tangent 5 at microwave frequency is measured from the 5 GHz microstrip resonator Figure 4 plots the measured temperature variation of Qi and / under low microwave power (internal power about -80 dBm), which shows the typical TLS behavior Fitting to l/Qi{T) and 5/(r) data both yield a loss tangent of 5 '--' 6 x 10^^. The temperature sweep and TLS fitting technique used here is weU described in reference [9, 10] . DISCUSSIONS 1. The microwave resonator data fits almost perfectly (especially the / data) to the TLS model, which suggests that the dominant loss mechanism at microwave frequency is the TLS loss. We also find that 5 measured at mm-wave frequency is not too different from that measured at microwave frequency. This implies that TLS loss is also dominating at mm-wave frequency, which is expected from the TLS theory [11, 12] . In fact, it is found that TLS has a very broad energy distribution and its density of states is almost flat across a wide frequency range, from MHz to THz.
2. The 1^211 data measured from the two different approaches (shown in Figure 2 and 3) are actually also measured at different mm-wave power. From a calculation of MKID responsivity, we estimate the internal power in the mm-wave resonators to be '~ 10 100 nW for the network analyzer data (Figure 2) and '-^ 4 pW for the lock-in data (Figure 3) . The latter is close to the power level transmitted on the microstrip in the antennacoupled MKIDs, so our low power measurement result is directly applicable there.
The derived 5 shown in Table 1 and 2 only differ by about a factor of two, while the internal power varies by over 3 order of magnitude. It is very likely that within the range of mm-wave power we have probed, 5 remains constant and instead, the apparent difference in Qi, for different resonators and at different power, is probably due to the inaccuracy of our measurement (some possible causes for this inaccuracy are discussed later). Indeed, the TLS model predicts a 5 that is both frequency and power independent as long as the power is lower than the saturation power and kT -C ^co [13] .
With these results, we are able to estimate the microstrip loss i antenna-coupled MKIDs, which is our initial motivation. In the antenna-coupled MKIDs design, the microstrip runs a total length of'~ 10 mm, including the feeding network of the antenna, the band-pass filter and the feedline to MKID [3] . If we take 5 = 6 x 10""^ at 300 GHz and a dielectric constant of 4 for Si02, the total loss in microstrip lines works out to be '-^ 8%, which is low enough for the application.
3. Our results presented in this paper is rather preliminary and we have run across a few problems in our measurement. As can be seen in both Figure 2 and Figure 3 , the 1^211 data are noisy; the on-resonance data is distorted from a Lorentian shape and the off-resonance data shows a lot of fringing and spikes. This leads to some difficulty in the resonator fitting and inaccuracy in the fitting result. We think the main reason for the poor data quality is because the optical configuration are not optimized. In the measurement, we shine the mm-wave source directly to the dewar window without an external lens and therefore the incident beam are not well matched to the antenna pattern. As a result, reflections and multi-path interference may be occurring. Also, the Al MKIDs can directly pick up the mm-wave radiation if the beam is too broad or poorly matched to the antenna. This might be part of the reason why resonance features are blurred or missing in the |^n I data. Another possibility is that the mm-wave power is not completely absorbed by the MKIDs at the end of the feedlines but is partially reflected back to the hybrid, which can certainly complicate both the |^2i | and 1^111 curves.
With an improved design of the device and better optimization of the optical configuration, we think the data quality and the accuracy of our measurement can be significantly improved. Our measurement technique is applicable up to approximately 1 THz and can be used to investigate a range of dielectrics.
